Background and Aims Flow cytometry (FCM) is extensively used to estimate DNA ploidy and genome size in plants. In order to determine nuclear DNA content, nuclei in suspension are stained by a DNA-specific fluorochrome and fluorescence emission is quantified. Recent studies have shown that cytosolic compounds may interfere with binding of fluorochromes to DNA, leading to flawed data. Tannic acid, a common phenolic compound, may be responsible for some of the stoichiometric errors, especially in woody plants. In this study, the effect of tannic acid on estimation of nuclear DNA content was evaluated in Pisum sativum and Zea mays, which were chosen as model species.
INTRODUCTION
Flow cytometry (FCM) is a powerful technique that was originally developed to count blood cells (Shapiro, 2004) . With improvements to equipment and methodologies, FCM has been adapted to many areas of biology including plant sciences (Doležel, 1997) . Since the introduction of FCM to plant studies, estimation of DNA ploidy levels and determination of nuclear genome size have been the two most frequent applications (Bennett and Leitch, 2005) . Owing to its ease, rapidity and accuracy, FCM has been an attractive alternative to traditional methods such as Feulgen microspectrophotometry (Doležel and Bartoš, 2005) . When analysing nuclear genome size, many authors have noted its variation within species (Price and Johnston, 1996a; Rayburn et al., 1997 Rayburn et al., , 2004 Ellul et al., 2002) . However, the occurrence of this phenomenon and its extent remains a matter of discussion, as contradictory results have been obtained by different authors when analysing the same materials (Greilhuber and Obermayer, 1997; Obermayer and Greilhuber, 1999; Price et al., 2000; Suda, 2004) .
Reliable estimates of nuclear DNA content require proportionality between the digitized fluorescence signal and DNA content. This depends on several factors such as stoichiometry of dye binding to DNA, accessibility of DNA to the fluorochrome, fluorescence absorption and linearity of the instrument amplification system (Bagwell et al., 1989) . The accessibility of nuclear DNA to fluorochromes has recently been a topic of major concern as it was found that cytosolic compounds could interfere with fluorescent staining of nuclei in suspension (Noirot et al., 2000 (Noirot et al., , 2002 (Noirot et al., , 2003 (Noirot et al., , 2005 Price et al., 2000; Pinto et al., 2004; Walker et al., 2006) . These observations indicated that FCM can produce flawed data if the effect of cytosolic compounds is ignored. Price et al. (2000) speculated that inhibitors that decrease dye fluorescence of nuclei were common in plants. The authors did not point to a specific compound but suggested involvement of one or more of the numerous secondary metabolites. Noirot et al. (2000) , working with * For correspondence. E-mail jloureiro@bio.ua.pt Annals of Botany 98: 515-527, 2006 doi:10.1093/aob/mcl140, available online at www.aob.oxfordjournals.org coffee trees, revealed negative effects of cytosol on accessibility of DNA to propidium iodide (PI), and showed that cytosolic compounds could bias nuclear DNA content estimates by up to 20 %. More recently, Noirot et al. (2003) identified two compounds that influenced PI fluorescence of petunia nuclei: caffeine and chlorogenic acid (a precursor of polyphenols). Whereas caffeine increased PI accessibility to petunia DNA, chlorogenic acid significantly decreased petunia nuclei fluorescence.
Tannic acid (TA) is a common phenolic compound, frequently accumulated in various tissues of plants belonging to diverse taxonomic groups, especially woody species. Several authors have claimed that TA might be responsible for stoichiometric errors in genome size estimations: Greilhuber (1986) showed that in DNA cytophotometry, tannins could interfere with the Feulgen reaction to an extent that makes it worthless as a quantitative method; using FCM, Favre and Brown (1996) and Zoldoš et al. (1998) encountered difficulties in measuring nuclear DNA content in Quercus species and suggested that they were due to the presence of TA. In addition, Loureiro et al. (2005) speculated that tannins were responsible for higher DNA content estimates obtained for ex vitro leaves of Quercus suber as compared with in vitro material.
The main objectives of this study were: (1) to test the effect of TA on PI fluorescence and light scattering properties of nuclei of Pisum sativum and Zea mays; (2) to evaluate the effect of different nuclear isolation buffers on the interaction of TA with nuclei in suspension; (3) to evaluate the kinetics of the interaction of TA with nuclei samples; (4) to test if nuclei of two different species, P. sativum and Z. mays, are affected similarly by TA when isolated, processed and analysed simultaneously; (5) to identify diagnostic patterns that can be used to recognize the action of cytosolic compounds; and (6) to propose recommendations on how to minimize the negative effects of cytosolic compounds on estimation of nuclear DNA content using FCM.
MATERIAL AND METHODS

Plant material
Plants of garden pea (Pisum sativum L.) 'Ctirad' (Fabaceae) and maize (Zea mays L.) 'CE777' (Poaceae) were grown from seeds in a greenhouse at 22 6 2 C, with a photoperiod of 16 h and a light intensity of 530 6 2 mmol m -2 s À1 .
Sample preparation
Nuclei suspensions were obtained after chopping approximately 350 mg of leaf tissue according to Galbraith et al. (1983) . Four of the most popular nuclear isolation buffers (Loureiro et al., 2006) were used to prepare samples: Galbraith's buffer (Galbraith et al., 1983) , LB01 (Doležel et al., 1989 ), Otto's buffers (Doležel and Göhde, 1995) and Tris.MgCl 2 (Pfosser et al., 1995) . b-Mercaptoethanol was not included in LB01, as this study intended to compare basic buffer formulas without any additives that could modulate the action of tannic acid. Otto I and Otto II buffers were mixed in a 1 : 2 ratio. Nuclear suspension was filtered through a 50-mm nylon filter and RNase A (Fluka, Buchs, Switzerland) at a concentration of 50 mg mL À1 was added to each sample. Samples were kept on ice until analysis.
Staining of nuclei
The effect of PI concentration and staining time was analysed in order to determine a saturating concentration to be used in subsequent experiments. Four millilitres of nuclear suspension was prepared from approximately 350 mg of pea leaves. The homogenate was divided into eight aliquots (0Á5 mL each) and PI (Fluka) was added to achieve the following concentrations: 10, 25, 50, 75, 100, 150, 250 and 350 mg mL À1 . Samples were analysed 0, 5, 10 and 60 min after incubation with PI. Each sample was measured for exactly 2 min. In all further experiments, nuclei were stained with 150 mg mL À1 of PI (optimal concentration).
Flow cytometry measurements
Nuclear samples were analysed using a Coulter Epics XL (Coulter Electronics, Hialeah, FL, USA) flow cytometer. The instrument was equipped with an aircooled argon-ion laser tuned at 15 mW and operating at 488 nm. PI fluorescence was collected through a 645-nm dichroic long-pass filter and a 620-nm band-pass filter. Prior to analysis the instrument was checked for linearity with Flow-Check fluorospheres (Beckman-Coulter, Hialeah, FL, USA). The amplifier system was set to a constant voltage and gain throughout the experiments. The results were acquired using the SYSTEM II software version 3.0 (Coulter Electronics) in the form of six graphics: fluorescence pulse integral (FL); FL vs. fluorescence pulse height (FLPH); forward scatter (FS) vs. side scatter (SS), both in logarithmic (log) scales; SS in log scale vs. FL; FL vs. time; and SS in log scale vs. time. FS is proportional to particle size. However, owing to its response similarity with SS, it was not considered during data evaluation. The coefficients of variation (CV) were calculated for SS (SS-CV, %) and FL (FL-CV, %).
Fluorescence microscopy
Nuclear suspensions were evaluated in a Nikon Eclipse 80i fluorescence microscope (Nikon Corporation Nikon Instech Co., Kanagawa, Japan) using the G-2A filter cube. Digital photographs were taken using a Leica DC 200 digital camera (Leica Microsystems AG, Wetzlar, Germany).
The effect of tannic acid on P. sativum Effect of different concentrations. Seven millilitres of nuclear suspension was divided into 14 aliquots (0Á5 mL each), which were treated with TA (Fluka) made in H 2 O at: 0Á0 (control), 0Á25, 0Á30, 0Á40, 0Á50, 0Á75, 1Á00, 1Á25, 1Á50, 1Á75, 2Á00, 2Á25, 2Á50 and 3Á50 mg mL À1 . A 0Á25-mL aliquot of TA solution was added to each sample (final concentrations: 0Á0, 0Á083, 0Á100, 0Á133, 0Á167, 0Á250, 0Á333, 0Á417, 0Á500, 0Á583, 0Á667, 0Á750, 0Á833 and 1Á167 mg mL À1 ) and left to incubate for 15 min on ice. The sample was then stained with PI for 5 min on ice and analysed for 2 min. The experiment was replicated three times for each buffer.
Effect of incubation time. For each nuclear isolation buffer, a different concentration of TA was chosen based on the results of previous experiments. The nuclear suspension (4 mL) was divided into four 1-mL aliquots. Three TA treatments were applied (TA1, TA2 and TA3): TA1 and TA2 treatments consisted of adding 0Á5 mL of TA solution to the sample. In the TA1 treatment, three 0Á5-mL aliquots were stained with PI for 5 min and analysed immediately. In TA2, samples were incubated with TA for 15 min prior to staining with PI. TA1 and TA2 samples were analysed for a period of 2 min. In TA3, three 0Á33-mL aliquots were taken, stained by PI for 5 min and analysed for 60 s. Measurement was then halted and 0Á16 mL of TA solution was added to the sample. The measurement was resumed in order to follow the kinetics of the addition of TA. The order in which the samples were measured was randomized within treatments to avoid a systematic error. This experiment was replicated twice for each buffer on different days.
Simultaneous analysis of P. sativum and Z. mays nuclei. This experiment was designed to determine if nuclei from two different species are affected by TA in the same way. Two experiments were carried out exactly as the two experiments above, except that instead of using 350 mg of pea leaf tissue, 175 mg of Z. mays leaves and 175 mg of P. sativum leaves were chopped simultaneously in a Petri dish. In the second experiment, a particular concentration of the TA solution was chosen for each buffer.
Statistical analyses
Statistical analyses were performed using a two-way ANOVA (SigmaStat for Windows 3.1, SPSS, USA). When treatments were significantly different, a HolmSidak multiple comparison test was used for pair-wise comparison. To calculate the optimal PI concentration, logarithmic and hyperbolic regression analyses were performed (GraphSight v.2.0.1, Belarus). A one-way ANOVA was performed to analyse differences among concentrations of PI and incubation times with this fluorochrome.
RESULTS
The effect of PI concentration and staining time
The effect of PI concentration on nuclear fluorescence was computed for each staining period and for each buffer. The logarithmic fitting, despite not being perfect, provided better regression coefficients than other methods, such as hyperbolic fitting (data not shown). These results show that the addition of 150 mg mL À1 of PI was saturating (Fig. 1 ). The increase of nuclear fluorescence was not statistically significant at higher PI concentrations. For practical convenience, a 5-min staining period was chosen (Fig. 2) . Statistically significant differences were observed only for the 60-min incubation period with PI in nuclei isolated with Tris.MgCl 2 buffer. In this case, nuclei fluorescence decreased. The effect of TA on P. sativum nuclei Effect of different concentrations. A detailed description of the action of TA will focus on nuclei isolated with Tris.MgCl 2 -a buffer on which nuclei were least affected (Table 1, Fig. 3 ). In the absence of TA in nuclei suspension, relatively low SS-CV (30Á00-40Á00 %) and FL-CV (<2Á50 %) values were obtained (Table 1 ). Up to a TA concentration of 0Á50 mg mL À1 , no significant effect on SS, SS-CV, FL or FL-CV was detected. At 0Á50 mg mL À1 TA, an increase in SS and SS-CV was observed. At a concentration of 0Á75 mg mL À1 and in particular at 1Á00 mg mL À1 , the presence of two new populations of particles was detected on the SS vs. FL cytogram (arrows on Fig. 3F, I ). These particles were characterized by high SS and SS-CV values ( Table 1) . As will be shown later, similar populations of particles characterized by high SS and SS-CV were also observed with other buffers albeit at different TA concentrations (Table 2) . Hereafter, this phenomenon is termed the 'tannic acid effect'.
At up to 0Á75 mg mL À1 TA, no clear effect on FL was observed. In two of three replications, the presence of nuclei with slightly higher fluorescence was detected. Microscopic analyses of samples revealed a tendency to precipitation, and in addition to single nuclei (as observed at lower concentrations of TA; Fig. 4A , B) some nuclei were observed to which weakly fluorescent particles were attached (Fig. 4C, D) . This apparently resulted in higher FL and consequently higher FL-CV values (3Á00-3Á25 %). At the same time, a second subpopulation of particles with higher SS but lower FL started to appear. Microscopic observation of samples revealed the presence of a new subpopulation consisting of clumps of weakly fluorescent particles that were not attached to nuclei, thus having relatively high optical complexity and lower FL than nuclei (Fig. 4C, D) .
With increasing concentrations of TA (1Á25, 1Á50, 1Á75 and 2Á00 mg mL À1 ), the 'tannic acid effect' became more pronounced as the number of events present in the new subpopulations (characterized by high SS and SS-CV) increased continuously and the proportion of 'clean' nuclei declined (Fig. 3 J, M) . No significant decrease in fluorescence of PI-stained nuclei was observed up to a TA concentration of 1Á75 mg mL À1 (Fig. 3K ). Only at 2Á00 mg mL À1 TA did a significant decrease of nuclei FL of about 15Á0 % occur. At this point, the proportion of 'clean' nuclei in the suspension was low (<10Á0 %). At concentrations of 2Á25 and 2Á50 mg mL À1 TA, the fraction of 'clean' nuclei in the suspension continued to decrease, and it was difficult to discriminate nuclei peaks from the background debris. This was clearly due to the presence of the two new subpopulations of particles . Fluorescence of the remaining 'clean' nuclei was considerably lower compared with controls. In samples treated with the highest concentration of TA (3Á50 mg mL À1 ), no peaks representing pea nuclei could be discriminated from the background.
Other nuclear isolation buffers. When compared with the Tris.MgCl 2 buffer, the remaining three buffers that were used to isolate P. sativum nuclei were more affected by TA, and lower concentrations of this compound were sufficient to induce the TA effect (Tables 1 and 2 ). In Galbraith's buffer, 0Á25 mg.mL À1 TA caused a doubling of SS values with SS-CV of 92Á0 %, a value observed with the Tris.MgCl 2 buffer only at 0Á75 mg mL À1 TA. As in Tris.MgCl 2 , nuclei fluorescence was only affected at higher concentrations of TA (0Á75 and 1Á00 mg mL À1 ). At those concentrations, FL of nuclei was lower by 11Á5 and 28Á5 %, respectively, when compared with the untreated control, and FL-CV values were above 5Á0 %. For a TA concentration of 1Á25 mg mL À1 , peaks of pea Galbraith's buffer LB01 buffer nuclei could not be distinguished from the background ( Table 1) . The use of LB01 buffer gave results similar to those obtained with Galbraith's buffer, as nuclei were affected with the addition of the same concentration of TA (0Á25 mg mL À1 ). In addition, no peaks were visible after the addition of 1Á25 mg mL À1 TA. Nevertheless and contrarily to what was observed for all the other buffers, nuclear fluorescence increased with increasing TA concentration. A significant fluorescence increase was obtained after the addition of 0Á30 mg mL À1 TA. At 0Á50 mg mL À1 TA, a 7Á7 % difference, as compared with control, was observed (Table 1) .
Nuclear suspension in Otto's buffer was less affected by TA than in Galbraith's and LB01 buffers, but more than in Tris.MgCl 2 . The TA effect was observed at a concentration of 0Á75 mg mL À1 , as in the Tris.MgCl 2 buffer. However, in contrast to what was observed with other three buffers, PI fluorescence decreased even with the addition of TA at the lowest concentration. Nevertheless, a statistically significant decrease of fluorescence was observed only at 1Á00 mg mL À1 TA. At this concentration the FL-CV increased significantly, reaching values of 5Á0 %. At a TA concentration of 1Á25 mg mL À1 , nuclei fluorescence decreased by 21Á0 %, and this was the highest TA concentration at which nuclei peaks could be distinguished (Table 1) .
Effect of incubation time. Following the concentration tests performed with each buffer, a particular concentration of TA was chosen (Table 3) to test whether incubation time was of importance. In Galbraith's and LB01 buffers the time of incubation had no marked effect; in both TA1 and TA2 experiments, the TA effect occurred, and extremely high SS and SS-CV values were obtained. Although statistically significant differences between TA1 and TA2 were observed in SS and SS-CV, in practice, nuclei from both experiments were severely affected by the addition of TA (Table 3 ). The FL-CV value was also higher in these treatments compared with the control value. As expected, and similarly to the results obtained in the concentration tests, nuclei fluorescence decreased significantly after the addition of 0Á50 mg mL À1 TA in Galbraith's buffer. By contrast, in LB01, fluorescence increased significantly with the addition of the same TA concentration. In the TA3 experiment, an immediate increase in SS and SS-CV was observed in both buffers when adding TA after running the sample for 60 s.
In Otto's buffer, the time of incubation was an important factor, as statistically significant increases of SS and SS-CV were observed in TA2 as compared with TA1. Interestingly, a decrease in fluorescence was observed in both experiments. The change in SS, SS-CV and FL occurred immediately after the addition of TA.
In Tris.MgCl 2 , a similar result to that obtained with Otto's buffer was verified, i.e. the TA effect was observed only after 15 min of incubation. Compared with data for control nuclei, SS remained the same but FL was lower by 10Á0 % in the TA1 experiment. This was not the case for TA2, in which both SS and SS-CV increased significantly but the fluorescence intensity of nuclei was similar to the values obtained in the control. No significant differences were detected in any SS properties, FL and FL-CV in TA3.
T A B L E 2. Concentration of tannic acid (TA, mg mL À1 ) at which the TA effect (significant change in SS and SS-CV) occurs, at which an increase or decrease in fluorescence intensity is observed and at which no nuclei peaks can be discriminated from the debris background n.s., non-significant changes were observed at P < 0Á05. Simultaneous analysis of P. sativum and Z. mays nuclei. To test if two different species were affected in the same way by TA, nuclei from Zea mays and Pisum sativum were isolated, treated and analysed simultaneously. In order to compare the response of the two species, three ratios were computed: SS ratio (Z. mays mean SS/ P. sativum mean SS), SS-CV ratio (Z. mays mean SS-CV/ P. sativum mean SS-CV) and FL ratio (Z. mays mean FL/P. sativum mean FL).
Effect of different concentrations. In Galbraith's buffer, the addition of 0Á40 mg mL À1 TA increased the Z. mays SS-CV. The increase was only statistically significant at 0Á75 mg mL À1 TA. With increasing concentrations of TA, the SS and SS-CV from both species increased similarly and the FL ratio remained constant until a TA concentration of 0Á75 mg mL À1 . Thereafter, a statistically significant increase in the FL ratio was observed. This was due to a more pronounced decrease of fluorescence observed in P. sativum nuclei than in Z. mays. As in the single species analysis, no nuclei peaks could be observed after addition of 1Á00 mg mL À1 TA (Table 4) . In LB01 buffer, the TA effect occurred after treatment with 0Á30 mg mL À1 TA. With increasing TA concentrations, both SS and SS-CV ratios increased. This was due to a more rapid increase of these parameters in Z. mays than in P. sativum. The FL ratio also increased with increasing concentrations of TA, but in line with the results obtained with P. sativum alone, the increase was due to a fluorescence gain that was higher in Z. mays than in P. sativum (Table 4) .
Otto's buffer was the only one in which the ratios between SS, SS-CV and FL in Z. mays and P. sativum did not change significantly with changing concentrations of TA. With regard to the FL ratio, nuclei from both species lost a similar amount of fluorescence. The TA effect occurred after the addition of 1Á00 mg mL À1 TA, and even at 1Á25 mg mL À1 TA it was not possible to discriminate between nuclei peaks and background noise (Table 4) .
In Tris.MgCl 2 buffer, the TA effect occurred after the addition of 1Á75 mg mL À1 TA. At this concentration a statistically significant increase was observed in the SS ratio, with the increase in SS being more pronounced in Z. mays than in P. sativum. At this concentration also the FL ratio increased significantly, because P. sativum nuclei lost more fluorescence than those of Z. mays. No nuclei peaks could be observed when 3Á50 mg mL À1 TA was added to the samples (Table 4) .
Effect of incubation time. For Galbraith's buffer, a significant increase in Z. mays SS-CV was observed, but no significant differences were detected in the SS, SS-CV and FL ratios, either in TA1 or in TA2. The addition of TA after running samples for 60 s (experiment TA3) confirmed these results (Table 5) .
In LB01, the addition of 0Á40 mg mL À1 TA was sufficient to induce the TA effect in both TA1 and TA2 experiments, significantly increasing the SS, SS-CV and FL ratios. Interestingly, SS, SS-CV and FL ratios were not affected in TA3 (Table 5) .
In Otto's buffer, a longer incubation time with TA led to a higher SS-CV in Z. mays and affected nuclei SS values from both species differently. As expected from the concentration tests, no significant differences were detected in the SS-CV and FL ratios. An unexpected result was obtained in TA3 as no peaks could be distinguished immediately after the addition of TA (Table 5) . SS, SS-CV, FL and FL-CV (mean and standard deviation of the mean) were analysed in liquid suspensions prepared from P. sativum leaf tissue with four nuclear isolation buffers (Galbraith's, LB01, Otto's and Tris.MgCl 2 ), exposed to TA at a particular initial concentration (c i ), and incubated for different periods of time (control-no incubation with TA; TA1-incubation with TA for 5 min; TA2-incubation for 20 min with TA). In TA3, samples were run for 60 s without TA (TA3bta) and, after a pause, TA was added to samples (TA3ata). SS and FL are shown as channel means and SS-CV and FL-CV in per cent. Means followed by the same letter are not significantly different according to the Holm-Sidak multiple comparison test at P < 0Á05. Control, no incubation with TA; TA1, incubation with TA for 5 min; TA2, incubation for 20 min with TA. In TA3, samples were run for 60 s without TA (TA3bta) and, after a pause, TA was added to samples (TA3ata). Means followed by the same letter are not significantly different according to the Holm-Sidak multiple comparison test at P < 0Á05.
T A B L E 4. Analysis of
Zea mays SS-CV (%), SS ratio, SS-CV ratio and
For Tris.MgCl 2 , the addition of 2Á00 mg mL À1 TA caused an increase in the Z. mays SS-CV, in both TA1 and TA2. This was statistically significant only for TA2. The SS ratio was not affected in either experiment and the SS-CV ratio was only affected when samples were incubated for 15 min with TA. In TA1 and TA2, the FL decreased in both species, although, as the decrease was higher in P. sativum, the FL ratio increased. In TA3, a significant increase was only detected for the Z. mays SS-CV and SS ratio (Table 5) .
The results obtained with all the buffers and in all experiments were reproducible, and no statistically significant differences were obtained between replicates.
DISCUSSION
The negative role of cytosolic compounds on estimation of genome size using FCM in plants has been formally studied only recently (Noirot et al., 2000 (Noirot et al., , 2002 (Noirot et al., , 2003 (Noirot et al., , 2005 Price et al., 2000; Walker et al., 2006) . Most of the studies were performed using crude tissue homogenates without analysing specific effects of individual chemical species. The only exception was the work of Noirot et al. (2003) , which showed that the presence of chlorogenic acid (a precursor of polyphenols) induced a significant decrease in fluorescence of petunia nuclei. These authors also evaluated the effect of caffeine and found that it caused a significant increase on PI fluorescence.
The negative effect of TA, a common phenolic compound, which is frequently accumulated in various plant tissues, was discovered by Greilhuber (1988) who observed that tannins caused stoichiometric errors in Feulgen staining by limiting the access of Schiff's reagent to DNA. The author suggested interaction of tannins with nuclear proteins. In contrast, Price et al. (2000) found that soluble tannins isolated from sunflower leaves did not inhibit PI fluorescence of pea nuclei isolated in Galbraith's buffer, despite increasing the variance of the peaks. The results herein do not confirm this conclusion and show a strong effect of TA on relative fluorescence intensity of PI-stained nuclei. Furthermore, we show for the first time that a cytosolic compound can change light scattering properties of particles in a tissue homogenate.
An increase in SS and a high SS-CV were found to be diagnostic for the presence and action of TA, and the term 'tannic acid effect' is given to this phenomenon. The effect is due to the appearance of two new populations of particles in the nuclear suspension, which are characterized by particular side scatter and fluorescence intensity properties. In samples prepared from tissues that are relatively free of cytosolic compounds, a homogeneous population of nuclei with relatively low-scatter CV values (<50Á00 %) should be observed on a cytogram of FS vs. SS. These results imply that, in addition to analysing FL and presenting FL histograms, researchers should also analyse and present the FS vs. SS in log scale and/or SS in log scale vs. FL cytograms, with the respective CV values obtained for each parameter. When the TA effect is observed, estimates of genome size may be compromised and the results should be interpreted with caution. As the TA effect usually occurs before a change in nuclei fluorescence is observed, it appears to be a safe parameter to identify 'problematic' samples.
The increase in nuclei SS observed at higher concentrations of TA was most probably due to the occurrence of precipitates induced by TA. These and the complex structure of TA led to nuclei aggregation. Greilhuber (1986) observed that fixed tannins adhered tenaciously to cellular structures, particularly to chromatin, strongly interfering with the Feulgen reaction. Other studies also described the effect of TA on protein precipitation (Giner Chavez et al., 1997) and membrane aggregation (Simon et al., 1994) .
The TA effect describes the occurrence of two new and distinct populations of particles in a tissue homogenate. The first consists of nuclei to which weakly fluorescent particles were attached. This population differed from the population of single nuclei by slightly higher FL and higher SS values. The second population was characterized by higher optical complexity and lower FL. This population did not include nuclei and comprised various clumps of weakly fluorescent particles. Thus, at the time the TA effect occurs, three subpopulations of particles are detected by FCM: single nuclei, aggregates of nuclei with unspecific particles, and aggregates of diverse particles devoid of nuclei.
The TA effect was described in this study based on the use of a chemically defined compound. Unfortunately, little is known about the amount of TA naturally occurring in leaves and the amount of TA released after nuclear isolation procedures. Some tissues or plants may differ 100-fold in their polyphenol content. A range of treatments was therefore used from low concentrations with no detectable effect to very high concentrations that made the analyses of DNA content impossible. It will be important to prove that a similar effect is observed when analysing samples from plant tissues containing cytosolic compounds. Price and Johnston (1996b) analysed DNA content in sunflower, which was later shown to contain compounds interfering with DNA staining (Price et al., 2000) . The authors observed increased variation in DNA peaks on FL histograms and the presence of elevated levels of background debris. In order to improve the resolution of histograms of DNA content, they suggested a gating to discriminate populations of particles with optical properties different from nuclei. However, the results here indicate that even fluorescence from apparently normal populations of nuclei may be affected. Furthermore, Pinto et al. (2004) and Loureiro et al. (2005) working with two woody plants rich in phenolic compounds, Eucalyptus globulus and Quercus suber, respectively, obtained similar FS and SS patterns. In both species, it was difficult to obtain satisfactory results for mature field leaves as FL histograms were very similar to those obtained in this work. It was also clear that nuclei from target and standard species lost a great deal of fluorescence.
Previous studies on the effect of cytosolic compounds did not analyse the effect of nuclear isolation buffer (Noirot et al., 2000 (Noirot et al., , 2002 (Noirot et al., , 2003 Price et al., 2000) . It was established here that different nuclear isolation buffers gave samples variable resistance to the negative effect of TA. However, the reasons underlying these differences are not clear. Nuclear suspensions made in LB01 and Galbraith's buffers were more susceptible to TA than those in Otto's and Tris.MgCl 2 buffers. Despite being vulnerable to lower concentrations of TA, nuclei isolated with LB01 maintained or even gained fluorescence (although this may be due to the presence of nuclei with attached fluorescent particles). This may be explained by the presence of spermine, which seems to be a better chromatin stabilizer than MgCl 2 used in both Galbraith's and Tris.MgCl 2 buffers. Otto's buffers do not contain a chromatin stabilizer and the presence of citric acid, which improves chromatin accessibility (Doležel and Bartoš, 2005) , does not prevent the continuous loss of fluorescence. It is also possible that the higher tendency to clumping in LB01 and Galbraith's buffers in the presence of TA was due to the lower concentration of Triton X-100, which is included to disperse chloroplasts and decrease the tendency of nuclei and cytoplasmatic debris to aggregate (Doležel and Bartoš, 2005 ). Otto's buffer contains the weakest detergent, Tween 20, despite being at the same concentration as Triton X-100 in the Tris.MgCl 2 buffer. One possibility may be to use nonionic detergents at higher concentrations to release chlorophyll from plastids and decrease fluorescence of debris.
In order to avoid the effect of antioxidants, LB01 buffer was used without b-mercaptoethanol. Because other buffers do not contain antioxidants, the results were not influenced by these compounds. Other precautions were also taken to obtain reproducible results. Following Noirot et al. (2000) , a greater amount of plant tissue was chopped in appropriate volumes of nuclear isolation buffer to minimize possible intersample variations resulting from chopping time and intensity and material quantity. Suspensions of plant nuclei thus obtained were then divided into aliquots and subjected to different treatments. In addition, the staining was done with PI at saturating concentrations.
The findings of this study are relevant to standardization procedures. Internal standardization is commonly regarded to be the best procedure for genome size estimation, avoiding errors due to instrument instability and variation in sample preparation and staining. With the aim to eliminate the negative effect of cytosolic compounds, Price et al. (2000) and Noirot et al. (2000 Noirot et al. ( , 2003 Noirot et al. ( , 2005 recommended internal standardization, the rationale being that the standard and sample nuclei are influenced to the same extent. However, there is no substantial proof that cytosolic compounds affect staining of nuclei from different species in the same way. When measuring DNA content in Gossypium, Hendrix and Stewart (2005) used Galbraith's buffer to prepare nuclei suspension and obtained different effects when rice was used instead of barley as internal standard, usually with an increase in fluorescence. The results here show that with the exception of Otto's buffer, nuclei from P. sativum were more affected by TA than those of Z. mays, leading in some cases to more than a 9Á0 % stoichiometric error.
In order to counteract the negative effect of cytosolic compounds on DNA staining, it is important to ascertain whether the interaction with DNA occurs immediately or if it develops with time. The results of the current study clearly show that the reaction is very rapid. This explains the results of Noirot et al. (2003 Noirot et al. ( , 2005 , who were not able to eliminate the negative effect of cytosol by centrifugation, dilution and heat treatments of tissue homogenates.
The results demonstrate the importance of nuclear isolation buffer for accurate estimation of genome size. In addition to testing various buffers, selection of tissues with lower or no phenolic compounds should enable unbiased estimations (Suda, 2004) . If no tissue and buffer combination provides acceptable results, the inclusion of buffer additives counteracting the negative action of cytosol is imperative. The most frequently used compounds are: b-mercaptoethanol, a powerful and popular reducing agent, but which is forbidden for health reasons in many laboratories; metabisulfite, a more user-friendly antioxidant that is being used instead of b-mercaptoethanol; and PVP-10, a commonly used tannin-complexing agent. Preliminary results with these protectants show that PVP-10 can suppress the TA effect (data not shown). If the TA effect continues to be present even after using additives, the quantity of plant material and chopping intensity should be reduced.
In conclusion, the present study has shown that cytosolic compounds, such as TA, interact with nuclei, potentially causing errors in estimation of nuclear DNA content. It is recommended that the presence of the TA effect is checked by analysing light scattering properties of particles in tissue homogenates. If the TA effect is observed, other buffers should be tested for tissue homogenization as well as various buffer additives. Although there are no ideal solutions, these recommendations, and the results presented here, should contribute to obtaining unbiased estimates of nuclear genome size using FCM.
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